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Introduction
The proven safety and effectiveness of cardiovascular implantable electronic devices (CIEDs) has led to utilization of these devices for a variety of cardiovascular indications. 1 Platelets aggregates and mobile thrombi frequently form on the endovascularly implanted leads of these devices and have the potential to paradoxically embolize to the systemic circulation through a patent foramen ovale (PFO). 2, 3 Based on retrospective analysis, we have previously reported a strong independent association of PFO with stroke/transient ischemic attack (TIA) in the setting of implanted endocardial device leads, and also suggested that this increased risk is not dependent on the physical characteristics of the leads. 2, [4] [5] [6] [7] Several echocardiographic markers such as the presence of a hypermobile atrial septum (or atrial septal aneurysm [ASA]), 8, 9 prominent Eustachian valve (EV), 10, 11 and presence of a right-to-left shunt, 12 when present individually or together, 13 have been proposed as risk factors for paradoxical embolism and stroke in patients with PFO, though some studies have been inconclusive. 14, 15 Moreover, the relationship of these predictors with stroke and mortality outcomes has not been studied in patients with endocardial device leads, and their predictive utility in this patient population is yet to be investigated. We sought out to evaluate the association between these echocardiographic markers and stroke/TIA and mortality in our database of patients with endocardial device leads and echocardiographically confirmed PFO. We also evaluated if leadrelated anatomic or hemodynamic changes in tricuspid regurgitation (TR) 16 or right ventricular systolic pressures (RVSPs) 3 would impact outcomes.
Methods

Patient Population
We obtained patients for this study from the population of patients with CIEDs and endocardial device leads reported in earlier studies on risk of stroke/TIA 2, 6 and pulmonary embolism (PE). 17 Patients who underwent implantation of either transvenous implantable cardioverter defibrillator (ICD) or pacemaker at the Mayo Clinic (Rochester, MN, USA) between January 1, 2000 and October 25, 2010 were included in this study if they were diagnosed with a definite PFO on echocardiography, and had a baseline (see below for definition of "baseline") echocardiogram to obtain information on study predictors. The presence of a PFO was determined by reviewing all the available echocardiographic data. Detection of PFO was by transthoracic echocardiography (TTE) or transesophageal echocardiography (TEE), utilizing 2D imaging, color-flow Doppler, and/or intravenous injection of agitated saline. Patients with reported diagnoses of "possible" or "probable" PFO were not included.
Assessment of Clinical and Echocardiographic Variables
Baseline clinical data were abstracted from the electronic medical records using diagnosis codes (ICD-9, HIDCA, and Berkson Mayo Clinic coding system) for all clinical encounters until date of index device implantation.
A baseline echocardiogram was defined as the one that is performed closest to implantation date among all the echocardiographic studies done within 2 years prior to 1 year after lead implantation. A follow-up echocardiogram was defined as one that was performed closest to 3 years but within 1-6 years after implantation.
In all TTEs, the RVSPs and the degree of TR were assessed from the TR color and continuous wave Doppler analysis. 18 TR was graded as none (0), trace (1+), if <10% of the right atrial area was occupied by the color flow Doppler jet; mild (2+), if 10-25% of the right atrial area was occupied by the color-flow Doppler jet; moderate (3+), if 25-50% of the right atrial area was occupied by the color-flow Doppler jet; and severe (4+), if >50% of the right atrial area was occupied by the color-flow Doppler jet.
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Assessment of Outcomes
Data pertaining to the outcomes like the timing, mechanism, and cause of stroke/TIA were obtained from a centralized electronic medical record that aggregates data for all outpatient encounters, emergency room visits, hospitalizations, and home/nursing home visits for patients treated and followed-up at the Mayo Clinic and all its affiliated hospitals. Patients with possible stroke/TIA were first identified using diagnosis codes that suggested cerebrovascular events. A board-certified vascular neurologist (A.A.R.) then reviewed the medical record to confirm an ischemic event consistent with cardioembolic etiology, and excluded cases with alternative etiology like intracranial hemorrhage, severe ipsilateral cerebrovascular stenosis, or lacunar strokes. Occurrence and date of death were established through multiple sources including the Mayo Clinic database and Accurint (LexisNexis, Philadelphia, PA, USA), an institutionally approved fee-based Internet research and location service. A detailed description of the study methods has been previously published. 2, 6, 17 
Statistical Methods
Descriptive statistics as well as the echocardiographic data at baseline and follow-up are provided as frequency (percentage) for discrete variables and mean ± standard deviation for continuous variables. Comparisons of echocardiographic parameters between baseline and follow-up measurements are made using a paired t-test for continuous variables like RVSP and left ventricular ejection fraction (LVEF) and signed rank test was used for comparing ordinal variables like TR grade. Dichotomous categorical variables related to the shunt across the PFO were compared using the McNemar's test. Assessment of time-to-event outcomes adjusting for univariate predictors at baseline was made using a Cox proportional hazards model. When assessing the association between baseline RVSP/TR and stroke/TIA and mortality, we constructed a univariate Cox proportional hazards model and included all the patients with available data. Positive change in either TR or RVSP was used as a covariate when analyzing these data. In addition, a multivariate Cox model was constructed using stepwise selection to determine the statistically significant parameters associated with time-todeath in all the patients with available TR and RVSP data (at both baseline and followup). A Cox model with change of predictors from baseline to follow-up as covariates was used to assess the association over time between associated change in TR (>2+) and RVSP (>10 mm Hg) as well as the maximum RVSP (obtained from data available at all follow-up visits) and the incident risk of stroke/TIA and mortality. Results from the Cox models are presented as hazard ratios (HRs) with 95% confidence intervals (CIs) and P values. Kaplan-Meier survival curves are used to assess long-term mortality, stratified by an increase in TR (>2+) and RVSP (>10 mm Hg) at some point during followup. Differences in survival curves are evaluated using a log-rank test. Statistical significance is defined as a two-tailed P value of less than 0.05. All statistical analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).
This study was funded exclusively by Mayo Clinic as part of an implantable device quality practice review and was approved by the Mayo Clinic Institutional Review Board (IRB #10-007582). The authors were entirely responsible for study hypothesis development, study design, data collection, data analysis, and manuscript preparation.
Results
Although 375 patients with definite PFO were identified among 6,086 patients with endocardial device leads in our database, 56 of the 375 patients were excluded from the study due to lack of lead-related data. Out of the remaining 319 patients with definite PFO, 159 patients were diagnosed by TEE while 160 patients were diagnosed by TTE. A baseline echocardiogram and research authorization was available only for 250 of the 319 patients and the remaining 69 patients were excluded. Among the 250 patients with a qualifying baseline echocardiogram, only 186 had a follow-up echocardiogram. All 186 patients had TR data available at both baseline and follow-up, and only 107 patients had RVSP data available from both baseline and followup echocardiogram reports. Maximum follow-up RVSP (from any echocardiogram report between 1 year and 6 years postlead implantation) was available for 177 patients (Fig. 1) . Comparison of baseline characteristics as well as demographics of patients in the study population with (N = 186) and without follow-up data (N = 64) are presented in Table I .
Echocardiographic data at baseline and follow-up (n = 186) are presented in Table II . On follow-up echocardiogram, mean RVSP and mean LVEF were similar to baseline (P value 0.6 and 0.2, respectively; Table II ). Proportion of patients with trivial TR decreased to 31%, and 32% patients had mild TR at follow-up. A greater proportion of patients had mild-moderate (11%), moderate (11%), moderate-severe (8%), and severe (8%) TR at follow-up (P < 0.001, Fig. 2 ).
Stroke/TIA and Mortality Outcome
Of the 250 patients with endocardial device leads and documented definite PFO, 9.6% (n = 24) had a stroke/TIA during mean followup of 5.3 ± 3.1 years; and 42% (n = 105) died over an average of 7.1 ± 3.7 years. Baseline echocardiographic parameters including RVSP, TR severity, presence of a shunt or direction of the shunt across PFO, and presence of ASA at baseline were not associated with increased risk of stroke/TIA (all P > 0.05; Table III and Fig. 3A ). Baseline RVSP (HR 1.02, 95% CI 1.01-1.04, P = 0.009) and a TR grade (>2+) at baseline (HR 1.19, 95% CI 1.03-1.37, P = 0.016) were associated with increased risk of mortality in the initial univariate analysis (Table III and Fig. 3B ). But subsequent multivariate analysis to assess association of baseline RVSP (HR 1.02, 95% CI 0.99-1.04, P = 0.15) and TR (HR 1.12, 95% CI 0.96-1.31, P = 0.15) with mortality showed no significance after adjusting for known confounders. In the subgroup of patients with follow-up echocardiographic data on TR (186 patients) and RVSP (107 patients), 74 deaths in the TR cohort and 46 deaths in the RVSP cohort were recorded during the follow-up period. 
Effect of Significant Increase in TR (ࣙ±2) on Stroke/TIA and Mortality
Among 186 patients with TR data available at both baseline and follow-up, time-dependent and univariate models showed that significant increase (> +2) in TR during follow-up was not associated with any significant increase in the risk of postimplant stroke/TIA (Table IV) . But again in a separate analysis using time-dependent Cox proportional hazards models, significant increase in TR was associated with and increased risk of mortality in both univariate and multivariate models (HR 1.780, 95% CI 1.447-2.189, P < 0.0001; Tables IV and V). Kaplan-Meier curves for mortality associated with significant increase in RVSP (>10 mm Hg) and TR (>2+) are presented in Figures 4 and 5 , respectively.
Effect of Significant Increase in RVSP (ࣙ10 mm Hg) on Stroke/TIA and Mortality
Among 107 patients with RVSP data available at both baseline and follow-up, time-dependent and univariate models assessing the association between significant increase (>10 mm Hg) in RVSP and risk of postimplant stroke/TIA showed no statistical significance (Table IV) . Again a separate analysis using time-dependent Cox proportional hazards models showed that significant increase in RVSP in the follow-up was associated with an increased risk of mortality in the initial univariate analysis and the subsequent multivariate adjustment (HR 2.018, 95% CI 1.593-2.556, P < 0.0001; Tables IV and V) .
The maximum RVSP (assessed per 10 units change in maximum RVSP in 177 patients with available RVSP data at any point between 1 year and 6 years postimplant) was also not significantly associated with increased risk of stroke/TIA but suggested increased mortality in the initial univariate analysis that persisted despite multivariate adjustment (HR 1.432, 95% CI 1.351-1.516, P < 0.0001; Table VI) analyzed using time-dependent Cox proportional hazards models.
Discussion
In this study, we found that variables such as ASA, prominent EV, presence of right to left shunt, baseline or significant increase in RVSP or TR grade, and maximum RVSP during follow-up were not associated with an increased risk of stroke/TIA among patients with endocardial device leads and PFO. But a separate multivariate analysis using time-dependent Cox proportional hazards models showed that significant increases in RVSP and TR are associated with a higher risk of mortality in patients with endocardial device leads and PFO. Both initial univariate analysis and subsequent multivariate adjustment also suggested a significant association between maximum RVSP noted during followup and subsequent increased risk of mortality.
Although baseline RVSP and TR values were also shown to be associated with increased mortality in the initial univariate analysis, the association no longer persisted after adjusting for known confounders in the subsequent multivariate analysis.
In light of these findings, the increased incidence of stroke/TIA in patients with endocardial device leads and PFO reported earlier by our PONAMGI, ET AL. 2 may be due to the mere juxtapositioning lead-based thrombus to an open PFO leading to paradoxical embolism in certain patients rather than due to the influence of any anatomical or hemodynamic factors. Furthermore, patients with a pathological PFO and a high PFO-attributable fraction or high Risk of Paradoxical Embolism (RoPE) score 21 could also have contributed to the increased stroke rate seen in our earlier reported study. The role of PFO (causal vs innocent bystander) in the increased mortality found among our patients with significantly increased and maximum RVSP or significantly increased TR is unknown and may need further clarification through future studies. To date, this is the only study analyzing anatomic and hemodynamic echocardiographic risk markers and their ability to predict the risk of stroke/TIA and mortality in patients with PFO and endocardial device leads.
RVSP and Stroke/TIA in Patients with Endocardial Device Leads and PFO
Earlier, Supple et al. detected lead-based thrombi in about 30% of their patients undergoing ablation using intracardiac echocardiography (ICE) and also reported significantly higher pulmonary artery systolic pressures in them, suggesting chronic pulmonary thromboembolism of these lead-based thrombi. 3 We hypothesized that in such patients with endocardial device leads and PFO, the higher RVSP may cause a right to left shunt across an open PFO and facilitate paradoxical embolism of the lead-based thrombi leading to stroke/TIA. But in our univariate and time-dependent models, we found no significant increase in the risk of stroke/TIA among endocardial device leads and PFO patients with respect to RVSP at baseline or in the follow-up. Extremely low incidence (three of 186 patients) of right to left shunt visualized in our study and no significant paradoxical embolism of leadbased thrombi may explain the lack of association between increased RVSP and stroke in our study.
TR and Stroke/TIA in Patients with Endocardial Device Leads and PFO
Although there was a significant increase in the proportion of patients with greater degree of TR at follow-up (P < 0.001), TR at baseline, or its change over time during follow-up was not predictive of future stroke/TIA in our cohort of patients with endocardial device leads and PFOs. The increase in TR over time seen in our patients For age, gender, prior stroke/TIA, prior diabetes, prior coronary artery disease, † stepwise selection of covariates: prior peripheral vascular disease, prior atrial fibrillation, prior congestive heart failure, left ventricular ejection fraction, aspirin use, Plavix use, and warfarin use. CI = confidence intervals; HR = hazard ratio; RVSP = right ventricular systolic pressure.
is similar to the findings of a recently reported large retrospective study assessing the prevalence of TR after endocardial lead implantation. 16 As discussed earlier, it is possible that the worsening TR noted at follow-up may be the result of interference of the endocardial leads with tricuspid valve (TV) leaflet motion or due to TV structural injury from their placement, rather than due to increased RVSP caused from chronic pulmonary thromboembolism of the dislodged lead-related thrombi and this is consistent with findings noted by others.
Increased Mortality Associated with Significant TR and Significant/Maximum RVSP in Patients with Endocardial Device Leads and PFO
Earlier studies suggested that left ventricle (LV) systolic dysfunction and pulmonary hypertension are well-established markers of increased mortality. 22 Nath et al. showed that moderate or greater TR is associated with increased mortality, independent of pulmonary artery pressure, LVEF, age, biventricular systolic function, right ventricle size, and dilation of the inferior vena cava. 23 Another study suggested an increase in mortality in patients with endocardial device leads associated with both pre-and post-implantation TR independent of worsening LV function, but this study was not specific to patients with PFO. 16 The long-term mortality associated with incremental changes in RVSP and TR in patients with endocardial device leads and PFO is unknown. So we evaluated the effect of incremental changes in TR (>2+) and RVSP (>10 mm Hg) as well as maximum RVSP noted during follow-up on mortality among patients with endocardial device leads and PFOs and found increased mortality in both our initial univariate analysis as well as in the subsequent multivariate mortality models. As expected, age and LVEF at baseline were also associated with increased mortality in patients with endocardial device leads and PFO. Additionally, the use of clopidogrel or warfarin and the presence of a prominent EV at baseline were also found to be associated with increased mortality in these patients, whereas the presence of peripheral vascular disease and diabetes were also associated with increased mortality in the maximum RVSP multivariate analysis. The increased mortality associated with the prominent EV may be due to statistical error of chance due to analysis on small number of patients (only five of 186 patients had prominent EV identified at baseline) while the mortality associated with clopidogrel or warfarin use may just be a markers of a more sicker patient population with recent vascular events and with an overall increased risk of mortality. The cause of increased mortality associated with incremental increase in TR and RVSP/maximum RVSP seen during follow-up and the role of PFO (causal vs. innocent bystander) in these patients is unknown. In our study group, the worsening TR and increased RVSP may have led to greater right to left shunting across the PFO, causing increased left atrial pressures and more frequent episodes of pulmonary edema in these patients resulting in increased mortality. But this hypothesis may need to be further validated by future prospective trials in patients with endocardial device leads using a non-PFO control group.
Association of Other Baseline Echocardiographic Variables with Stroke/TIA and Mortality in Patients with Endocardial Device Leads and PFO
Right-to-left shunt, the presence of ASA or prominent EV was not associated with an increased risk of stroke/TIA or mortality in our cohort. This is consistent with the results of an earlier large prospective, multicenter, observational studies, CODICIA (right-to-left shunt in cryptogenic stroke) 14 and the German Stroke Study, 24 which suggested that neither a right-toleft shunt nor its combination with ASA were independent risk factors for recurrence of stroke in general or younger stroke population.
The lack of association in our study may be due to the extremely low incidence of right to left shunt (three of the 186 patients), ASA (10%), and prominent EV (3%) in our study group. Previous studies reported incidences up to 73% and 15% for prominent EV and ASA, respectively, using advance imaging techniques, such as ICE and TEE in selected patient groups. 11, 25 Interference from lead-related artifacts on standard TTE images and the lack of clear consensus as to what constitutes a "prominent" EV might have contributed to the relatively lower detection rates seen in our study group. The low incidence of right to left shunt in our cohort may be explained by the dynamic nature of the shunt that is strongly dependent on the cardiac and hemodynamic changes occurring with each cardiac cycle and influencing the relationship between right and left atrial pressures across the PFO.
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Limitations
Relatively small sample size may have led to inadequate power to detect weaker associations and impeded multivariable analysis to further test the association between TR or RVSP and mortality in patients with endocardial device leads and stroke/TIA. Incidence of AF and use of Coumadin in follow-up is unknown and this could have led to attenuation or increase in stroke/TIA risk and/or mortality. Multiple operators were involved in measuring and interpreting the TEE and TTE data and inter-and intraoperator variabilities were not calculated as a part of this study. Due to retrospective nature of this study and differing indications for the baseline or the follow-up echocardiograms, the maneuvers and techniques used to accentuate or quantify the shunt during individual echocardiography were unavailable or highly variable. Some of the echocardiograms used in this study may have been obtained during hospitalization for unrelated terminal events like acute pulmonary embolism, pulmonary edema, severe pneumonia, etc., that can be associated with increased RVSP/TR independent of presence of endocardial device leads and could have influenced the positive correlation seen between mortality and increased RVSP/TR at follow-up in our study. Defining baseline echocardiograms as those done 2 years prior to 1 year after implantation could have confounded the severity of TR measured in the follow-up, as it could have resulted in missing the detection of early lead-related TR in the first year of implantation and misclassifying it as baseline TR. Data in regard to type of leads and their repositioning, removal/replacement or addition during the follow-up were not analyzed and this could also influence the resultant TR. Lack of advanced imaging techniques to discern leadrelated artifacts and inability to review individual echocardiographic images may also have biased our study toward a null result. Our study may also have been biased toward patients with larger PFOs since smaller ones may have been missed or ambiguous ones might have been excluded. Also, PFOs with intermittent shunting or shunting with Valsalva may have been missed, as the initial echocardiograms obtained were not done with an intention to diagnose PFOs in these patients.
Conclusions
We found no association between the several anatomic and hemodynamic echocardiographic markers and stroke/TIA in patients with PFO and endocardial device leads but those with significantly increased TR and RVSP at followup had a higher overall mortality. It is possible that "high-risk" echocardiographic markers are not predictive of stroke/TIA in patients with leads because the mere presence of an endocardial lead thrombus juxtapositioned to a PFO large enough to be detected by TTE may overwhelm all other hemodynamic risk factors for paradoxical thromboembolism. Larger prospective studies using a systematic imaging protocol (including TEE, ICE, agitated saline contrast, and use of the Valsalva maneuver) to better identify PFO, lead-based thrombi, and other echocardiographic markers previously associated with higher stroke/TIA risk are necessary to further investigate this question.
